Distinct single-crystal aluminum nitride nanonecklaces with uniform {1011} faceted beads are synthesized via catalyst-assisted nitriding of Al. The detailed morphology and structure of the nanonecklaces have been characterized. The growth process has been investigated by comparing the products obtained at different synthesis times. The results reveal that the formation of the nanonecklaces is via a process consisting of facet formation and bead unification. The formation of the {1011} facets is due to the presence of a liquid phase that lowers the surface tension of otherwise high-energy {1011} planes. The bead unification is driven by minimizing the energy contributed by surface energy and electrostatic energy. The unique morphology of the nanonecklaces could be useful for studying fundamental physical phenomena and fabricating nanodevices.
Introduction
Aluminum nitride (AlN) is an important wide band gap semiconductor with a band gap of ∼6.2 eV. AlN also possesses a unique combination of properties, including excellent thermal conductivity, good electrical resistance, low dielectric loss, and high piezoelectric response, making the material suitable for a variety of applications in optoelectronic devices [1] . The interest in using AlN for field emission (FE) has been increasing since it exhibits a negative electron affinity [2] . A negative electron affinity means that electrons excited into the conduction band can be freely emitted into vacuum. FE applications also desire high-current emission at low field.
As a result, significant effort has being devoted to reducing the tip size and increasing the density of the emitting sites by using nanostructures. Therefore, the 6 Authors to whom any correspondence should be addressed. synthesis of one-dimensional (1D) nanostructured AlN, such as in nanowires, nanotubes, nanocones, nanotips, hierarchical comb-like nanostructures and nanobelts, with controlled shapes and sizes has attracted extensive attention [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It is expected that with the continuing development of nanotechnology, AlN may find widespread applications in many fields [15] [16] [17] [18] .
In this paper we report the growth of distinct singlecrystal aluminum nitride nanonecklaces with uniform {1011} faceted beads via a catalyst-assisted nitriding of Al. We demonstrated that the formation process of the nanonecklaces consists of three steps: core growth, deposition of fine crystals on the surface of the core, and faceting and unification of the beads. The presence of a liquid phase selectively lowers the surface energy of otherwise high-energy {1011} planes thus allowing the formation of the faceted structure. The balance between surface energy and electrostatic energy leads to bead unification. Intensity (a.u.) 
Experimental details
The single-crystal AlN nanonecklaces reported here were grown by simple nitriding of aluminum powder in the presence of Fe(NO 3 ) 3 as the catalyst. The raw material was a mixture of pure Al and Fe(NO 3 ) 3 powders at a weight ratio of 20:1. The mixture was placed at the center of an inductionheated graphite tube furnace. Before heating to the desired temperature of 1350 • C, the tube furnace was pumped down to ∼20 Pa. The mixture was then heated to 1350
• C at a heating rate of 10 K min −1 and kept at this temperature for 30-360 min under a flow of ultrahigh purity N 2 .
The as-synthesized samples were characterized using scanning electron microscopy (SEM, LEO 1530, Germany), x-ray diffraction (XRD, Rigaku, D/max 2500, Japan), and transmission electron microscopy (TEM, JEOL 2011, Japan). Some necklaces were carefully separated from the matrix and examined using XRD.
Results and discussion
The product was first analyzed using SEM. Figure 1(a) is a low-magnification SEM image, showing a typical growth of nanonecklace structure obtained at 180 min synthesis time.
The sample exhibits a distinct necklace structure with very uniform beads. The inset shows the presence of a catalytic droplet containing Fe, Al, N, and a small amount of O (figure S1a, available from stacks.iop.org/Nano/20/025611), suggesting the catalytic growth of the nanonecklaces. A highmagnification SEM image given in figure 1(b) reveals that the bead is composed of two equilateral truncated hexagonal cones connected by their bases (forming the major waist); the beads are then connected to each other via their heads (forming the minor waist). The nanonecklaces are up to several tens of micrometers in length; and the major and minor waists range from 150 to 500 and 50 to 200 nm respectively for different necklaces. The XRD analysis (figure 1(c)) reveals that the product is wurtzite AlN (w-AlN) with lattice parameters of a = 0.311 and c = 0.497 nm, which are exactly the same as those of bulk AlN (JCPDS card: 25-1133), suggesting that the necklaces are pure AlN. Energydispersive x-ray spectroscopy (EDS) analysis (figure S1b, available from stacks.iop.org/Nano/20/025611) reveals that the nanonecklaces contain Al and N, as well as a small amount of O, which comes from oxidized surface layers.
A detailed analysis on the structure of the nanonecklace is presented in figure 2 . A low-magnification TEM image (figure 2(a)) indicates that the nanonecklace is a singlecrystal entity. A high-resolution TEM (HRTEM) image • . The measured angles are within a range of 116
• -123.2 • (figure 2(e) and figure S4, available from stacks.iop.org/Nano/20/025611), confirming the deduced growth habit.
The growth process of the nanonecklaces is investigated by comparing the products obtained at different synthesis stages (figure 4). The product obtained at a shorter time is composed of nanowires partially covered with fine crystals ( figure 4(a) ). With increasing synthesis time, the number of fine crystals increases ( figure 4(b) ); and at ∼90 min an entire nanowire is completely covered ( figure 4(c) ). The products obtained after even longer synthesis times show a faceted structure ( figure 4(d) ) and then a zigzag structure ( figure 4(e) ). Finally, the nanonecklaces with uniform beads are formed at 180 min ( figure 4(f) ). The obtained nanonecklaces are structurally stable and retain similar morphology with even longer synthesis time (figure S5, available from stacks.iop.org/Nano/20/025611). The above observations clearly reveal that the nanonecklaces are formed by a self-assembly process, which consists of three stages, as shown in figure 4(g) . At the first stage, AlN nanowires are formed via a process where the Fe(NO 3 ) 3 catalyst reacts with aluminum and nitrogen to form Fe-Al-N-O liquid droplets; AlN nanowires are then precipitated and grown from the droplets via a reaction of Al in the droplets and nitrogen in the atmosphere. At the second stage, fine AlN crystals are deposited and epitaxially grown on the surfaces of the nanowires by reaction of Al vapor and N 2 (figure S6, available from stacks.iop.org/Nano/20/025611). This deposition step stops after ∼60 min when the aluminum is completely converted into AlN (XRD examination of the matrix materials after annealing for ∼90 min revealed only AlN phase without any Al left). At the final stage, the outer-layer of the fine crystals is spontaneously rearranged into the nanonecklaces by facet initiation and bead unification; the preformed nanowire cores remain unchanged. The deposition and rearrangement processes should occur simultaneously. The rearrangement, evidenced by the formation of faceted structures, cannot be observed at earlier stages due to the later deposition of the fine crystals, which cover the facets formed earlier.
The {1011} faceted structure is rather interesting. Wurtzite-structured AlN has a lattice parameter ratio of c-toa = 1.600, which is less than that of the ideal close-packed hexagonal structure (1.633). Thereby, the prism planes {1010} have the highest packing density and lowest surface energy, while the basal plane (0001) has a lower packing density and higher surface energy. The {1011} planes have a packing density and surface energy between those for {1010} and {0001}. At equilibrium conditions without the liquid phase, AlN single crystals should grow into {1010} faceted hexagonal cylinder structures along [0001], as observed previously [4] . {1010} faceted wurtzite structures have also been observed in other materials, such as ZnO [19] . The formation of the stable {1011} faceted nanonecklace in the present study suggests that the {1011} are more stable than {1010} when the Fe-Al-N-O liquid is present on the surface. It is likely that the liquid has better wetting behavior on {1011} than on {1010}, and thus reduces the surface energy of {1011} to a level lower than that of {1010}. To further explore the effect of the liquid phase, control experiments were carried out by using different catalysts or without a catalyst. No AlN nanonecklaces are obtained with these conditions (figure 5), demonstrating that the liquid phase played a key role in the formation of the faceted nanonecklaces.
Since the nanonecklace structure is thermodynamically favorable (stable structure), the bead unification process should be driven by minimizing the overall energy. The change in morphology could induce the change in surface energy, strain energy, and electrostatic energy (if the surface exhibits an electric charge). Since no strain was involved in the current rearrangement process, the change in the total energy was contributed by only surface energy and electrostatic energy.
Calculations have been made to illustrate the possibility of balancing the increased surface energy by the decreased electrostatic energy during bead unification (see supplementary information, details available from stacks.iop.org/Nano/20/025611). A special case where a nanonecklace is composed of one large bead of 2h in length and many uniform small beads of 2h in length was considered ( figure 6(a) ). The uniformity of the nanonecklace can then be described by the h-to-h ratio. For example, h/ h = 1 means the nanonecklace is perfectly uniform. The differences in surface energy, electrostatic energy, and total energy between the nonuniform structure and the uniform structure are plotted in figure 6 (b) as a function of uniformity. It is seen that the unification leads to an increase in surface energy, but a decrease in electrostatic energy. The balance between the surface energy and electrostatic energy results in the total energy being minimized when the structure is perfectly uniform.
We would like to emphasize that the nanonecklaces reported here are completely different from the zigzag AlN nanoribbons and nanowires reported previously [20] [21] [22] . In those studies zigzag structures, which are not as welldeveloped as the nanonecklaces reported here, were formed due to kinetic reasons. Inkson et al attributed the growth of Cu-Pt nanonecklaces to the classical Rayleigh instability predicted for nanowires [23] . We believe that the present AlN nanonecklaces, which represent a stable morphology, are driven by thermodynamic reasons, and thus can be synthesized in a controlled manner. It should be noted that catalysts play a very important role on the formation of AlN nanonecklaces.
Conclusions
In summary, we reported the synthesis of distinct singlecrystal AlN nanonecklaces via catalyst-assisted nitriding of aluminum. The nanonecklaces consist of uniform beads composed of two equilateral truncated hexagonal cones faceted with {1011} planes. The formation of the nanonecklaces is via a three-step self-assembling process: core growth, deposition of fine crystals on the surface of the core, and faceting and unification of the beads. We demonstrated that the presence of the liquid phase played a key role in the formation of the faceted structure by lowering the surface energy of {1011} planes. Energy analysis reveals that the bead unification is driven by minimizing the total energy contributed by surface energy and electrostatic energy. The unique morphology of the nanonecklaces could be useful for studying fundamental physical phenomena and fabricating nanodevices.
